Identification of a New Form of Electron Coupling in Bi 2 Sr 2 CaCu 2 08 Superconductor 

by Laser-Based Angle-Resolved Photoemission 
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Laser-based angle-resolved photoemission measurements with super-high resolution have been 
carried out on an optimally-doped Bi2Sr2CaCu2 0g high temperature superconductor. New high 
energy features at ~115 meV and ~150 meV, besides the prominent ~70 meV one, are found to 
develop in the nodal electron self-energy in the superconducting state. These high energy features, 
which can not be attributed to electron coupling with single phonon or magnetic resonance mode, 
point to the existence of a new form of electron coupling in high temperature superconductors. 

PACS numbers: 74.72.Hs, 74.25. Jb, 79.60.-i, 71.38.-k 



The physical properties of materials are dictated by the 
microscopic electron dynamics that relies on the many- 
body effects, i.e., the interactions of electrons with other 
excitations, like phonons, magnons and so on. How to de- 
tect and disentangle these many-body effects is critical 
to understand the macroscopic physical properties and 
the superconductivity mechanism in high temperature 
superconductors. Angle-resolved photoemission spec- 
troscopy (ARPES), as a powerful tool in probing many- 
body effects [lj, has revealed clear evidence of electron 
coupling with low energy collective excitations (bosons) 
at an energy scale of ^70meV@, [3, IH H, 0, 0] in the nodal 
region and ~40meV near the antinodal region [1. 15, flol| 
although the nature of the bosonic modes remains under 
debate as to whether it is phonon @, @, 

or magnetic 

resonance mode [3, 0, B U|- Recently, another high 
energy feature is identified in dispersion at 300~400meV 
but its origin remains unclear as to whether this can be 
attributed to a many-body effect [l2T] . 

In this paper we report an identification of a new form 
of electron coupling in high temperature superconduc- 
tors by taking advantage of super-high resolution vacuum 
ultra-violet (VUV) laser-based ARPES technique [H]. 
New features at energy scales of ^115meV and ^150meV 
are revealed in the electron self-energy in P^S^CaC^Os 
(Bi2212) superconductor in the superconducting state. 
These features can not be attributed to electron cou- 
pling with single phonon mode or magnetic resonance 
mode. They point to a possibility of electron coupling 
with some high energy excitations in high temperature 
superconductors. 

The angle-resolved photoemission measurements have 
been carried out on our newly-developed VUV laser- 



based angle-resolved photoemission system [13] . The pho- 
ton energy of the laser is 6.994 eV with a bandwidth of 
0.26 meV. The energy resolution of the electron energy 
analyzer (Scienta R4000) is set at 0.5 meV, giving rise 
to an overall energy resolution of 0.56 meV which is sig- 
nificantly improved from 10~15 meV from regular syn- 
chrotron radiation systems 0, H, H, IS 0]- The angular 
resolution is ^0.3°, corresponding to a momentum res- 
olution ^0.004 A~ 1 at the photon energy of 6.994 eV, 
more than twice improved from 0.009 A~ l at a regular 
photon energy of 21.2 eV for the same angular resolution. 
The photon flux is adjusted between 10 13 and 10 14 pho- 
tons/second. The optimally-doped Bi2212 single crystals 
with a superconducting transition temperature T C =91K 
were cleaved in situ in vacuum with a base pressure bet- 
ter than 5xl0~ n Torr. 

Fig. la shows the raw data of photoelectron in- 
tensity as a function of energy and momentum for 
an optimally-doped (Bi2212) superconductor (T C =91K) 
measured along the r(0,0)-Y(7r,7r) nodal direction at a 
temperature of 17K. By fitting momentum distribution 
curves (MDCs), the dispersion (Fig. lb) and MDC 
width (inset of Fig. lb) are quantitatively extracted 
from Fig. la. One can see an obvious kink in disper- 
sion near 70 meV (Fig. la and b) and a drop in the 
MDC widthjmset of Fig. lb), similar to those reported 
before!, |, |, |, @, but with much improved clarity. 
It is generally agreed that this 70 meV feature originates 
from a coupling of electrons with a collective boson mode. 
When coming to the nature of the boson mode, it remains 
under debate whether it is phonon 0,0] or magnetic res- 
onance mode|, HQ. 

The real part of the electron self-energy can be ex- 
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FIG. 1: Electron dynamics of optimally-doped Bi2212 
(T C =91K) measured along the r(0,0)-Y(7r,7r) nodal direction 
at 17K. (a). Raw image showing photoelectron intensity (rep- 
resented by false color) as a function of energy and momen- 
tum. The inset shows the location of the momentum cut in the 
Brillouin zone; (b). Nodal dispersion extracted from Fig. la 
by fitting MDCs. The dotted line connecting the two energy 
positions in the dispersion at the Fermi energy and -0.4 eV is 
an empirical bare band for extracting the effective real part 
of self-energy in Fig. 2b. The inset shows the corresponding 
MDC width (Full-Width-at-Half-Maximum, FWHM). 



tracted from the dispersion given that the bare band dis- 
persion is known which can be determined in a number of 
ways but still without consensus TJ, UM ■ To identify fine 
features in the electron self-energy and study their rela- 
tive change with temperature, it is reasonable to assume 
a featureless bare band for the nodal dispersion within a 
small energy window near the Fermi energy. In this case, 
the fine features manifest themselves either as pea ks or 

As 
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curvature changes in the "effective self-energy'' 
shown in Fig. lb, we choose here a straight line connect- 
ing two energy positions in the dispersion at the Fermi 
energy and -0.4eV as the empirical bare band. The re- 
sultant effective real part of electron self-energy is shown 
in Fig. 2b. Also shown in Fig. 2 are dispersions (Fig. 
2a) along several other cuts in the Brillouin zone (inset 
of Fig. 2a) and the corresponding effective electron self- 
energy (Fig. 2b). 

With much improved precision of data, one can iden- 
tify clearly several features in the electron self-energy, as 
shown in Fig. 2b. The most pronounced feature is the 
peak at ~ 70 meV that gives rise to the kink in disper- 
sion seen here and before @, 0, i, i, i, Q • In addition, 
at higher energies, two new features can be identified 
clearly as a valley at ~115meV and a cusp at ~150 meV. 
Signature of a fine feature near 94 meV is also visible, 
particularly for the two cuts close to nodal region (cuts 
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FIG. 2: Momentum dependence of dispersions(a) and corre- 
sponding effective real part of electron self-energy (b). The 
inset of Fig. 2a shows the location of momentum cuts in the 
Brillouin zone. The effective self-energy in Fig. 2b is ob- 
tained by taking the straight line connecting two positions in 
dispersion at the Fermi energy and -0.4eV as a bare band. 
The arrows in Fig. 2b mark fine features at ~70 meV, 115 
meV, and 150 meV, and a possible feature near 94 meV. For 
clarity, curves in Fig. 2a is offset along the momentum axis 
while curves in Fig. 2b is offset along the vertical axis; the 
offset values are given in the legends. 



1 and 2). Between the Fermi level and 70 meV, we have 
also observed hints of possible low-energy features which 
are however very subtle and need further measurements 
to pin them down. We note that the bare band selection 
has little effect on the identification of these fine features 
and their energy position as we have checked by trying 
other straight lines as empirical bare bands. Particularly, 
the two new features at 115 meV and 150 meV, together 
with the 70 meV peak, are robust (as also shown in Fig. 
4 below) and persist in a rather large momentum space 
near the nodal region. 

The nodal electron dynamics undergoes a dramatic 
evolution with temperature and superconducting transi- 
tion, as indicated by the temperature dependence of the 
nodal dispersion (Fig. 3a) and scattering rate (Fig. 3b). 
In Fig. 3a, a quantitative momentum variation with tem- 
perature at four typical energy positions (the Fermi level, 
-0.07 eV, -0.2 eV and -0.3 eV) is plotted in the upper-left 
inset and some representative MDCs for these four en- 
ergies at 17K and 128K are plotted in the bottom- right 
inset. Over the temperature range of the measurement, 
the dispersion change with temperature spreads over an 
energy range of 0~300meV within which the dispersion 
renormalization gets stronger with decreasing tempera- 
ture. 

An unexpected finding is the Fermi momentum shift 
with temperature (Fig. 3a and top-left inset) which in- 
creases with increasing temperature in the superconduct- 
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FIG. 3: Temperature dependence of the nodal MDC disper- 
sion (a) and MDC width (b). The top-left inset of Fig. 3a 
plots the momentum value as a function of temperature at 
four typical energies: Ef (red empty circle), -0.07 eV (green 
solid circle), -0.2 eV (blue empty square) and -0.3 eV (black 
solid circle) obtained by averaging over ±10 meV energy range 
. The bottom-right inset of Fig. 3a shows MDCs at these four 
energies measured at 17K (solid line) and 128K (dashed line), 
(c). The difference of the MDC width between two tempera- 
tures at 17K and 128K. Arrows in Fig. 3b and c mark possible 
features showing up in the scattering rate. 

ing state below T C =91K and then becomes nearly flat 
above T c . The magnitude of the shift is small, on the or- 
der of 0.003 A -1 , and the change is monotonic. We first 
checked whether this could be caused by sample orienta- 
tion change during heating/cooling process and feel that 
it is unlikely because this usually would cause a shift of 
overall dispersion. As shown in Fig 3a and the top-left 
inset, the dispersion above 300 meV shows little change 
with temperature. In fact, the MDCs themselves at 300 
meV overlap with each other at 17K and 128K almost 
perfectly, as shown in the bottom-right inset of Fig. 3a. 
Another possibility we have checked is whether it can be 
caused by the thermal expansion or contraction of the 
sample during temperature change. This can also be ex- 
cluded because with the lattice expansion with increasing 
temperature, one would expect a shrink of the Brillouin 
zone that causes the nodal Fermi momentum move to 
smaller value; this expected trend is just opposite to our 
experimental observation. Because the Fermi momentum 
shift with temperature is quite unusual and has not been 
reported before, we have repeated the measurement and 
reproduced the similar observation. Therefore, to the 
best of our effort, we think this is likely an intrinsic ef- 
fect and its first observation is a result of much improved 
instrumental precision. Further work needs to be done 
to pin down this effect and understand the underlying 
physical origin as it suggests either a chemical potential 
shift or Fermi surface topology change upon entering the 
superconducting state. 

The scattering rate shows a strong variation with tem- 



perature at low energy range within 0~-0.2 eV, as shown 
in Fig. 3b. Interestingly, the temperature dependence is 
not monotonic but depends on the binding energy. Be- 
tween the Fermi level and -0.07 eV, the scattering rate 
decreases with decreasing temperature, while it increases 
with decreasing temperature between -0.07 and -0.15 eV. 
This gives rise to an "overshoot" region extending to ~- 
0.1 eV at low temperature. The change of the scattering 
rate with temperature can also be clearly seen in the dif- 
ference between the normal and superconducting states, 
as plotted in Fig. 3c which depicts the difference between 
17K and 128K data. Here the difference between -0.07 
eV and -0.15 eV is positive while it becomes negative 
between and -0.07 eV. 

The temperature dependence of the effective real part 
of self-energy (Fig. 4) indicates that the new high energy 
features at 115 meV and 150 meV are developed in the 
superconducting state. Fig. 4a shows the effective real 
part of self-energy at various temperatures obtained from 
the dispersions (Fig. 3a) by selecting a common empirical 
bare band, i.e., a straight line connecting the Fermi en- 
ergy and -0.4 eV in the dispersion at 128K. Fig. 4b shows 
the net temperature change of electron self-energy with 
respect to the normal state data at 128K, thus avoiding 
any ambiguity from bare band selection. It is clear in 
both cases that dramatic change of electron self-energy 
occurs in the superconducting state, with a sharpening 
of the ~70 meV feature, together with the emerging and 
growing of the ~115meV and ^150meV features. These 
observations are consistent with the scattering rate data 
where one can see the emergence of similar characteristic 
energy scales at ^150 meV, ~115 meV and ~70 meV in 
the superconducting state (Fig. 3c). 

The identification of high energy features at 115 meV 
and 150 meV points to a new form of electron coupling 
in high temperature superconductors. These are qual- 
itatively different from the ~70 meV feature which is 
attributed to coupling of electrons with some collective 
modes and such modes with comparable energy scales are 
available in high temperature superconductors either as 
phonon^, Q or magnetic resonance moded, 0, 0- Be- 
cause the energy scale of these two new features is higher 
than the maximum energy of phonons (~90 meV) [16J and 
magnetic resonance mode (42 meV in optimally-doped 
Bi2212)[l7j, they can not be due to electron coupling 
with a single phonon or magnetic resonance mode. Al- 
though the effect of the electron-boson coupling for a low- 
energy mode can extend to high energy in the electron 
self-energy, it will not generate any new features with 
clear curvature change, as evidenced from simulations of 
electron-phonon coupling using both Debye and Einstein 
models and confirmed in canonical electron-phonon cou- 
pling systems [l8j. 

There are a couple of possibilities that may give rise to 
high energy features in the electron coupling. The first 
is the mode energy shift due to the opening of supercon- 
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FIG. 4: (a) .Temperature dependence of the effective real part 
of electron self-energy extracted from dispersions in Fig. 3a by 
taking a straight line as a bare band connecting two points at 
Ef and -0.4eV on the dispersion at 128K. (b). Temperature 
dependence of the difference between the measured self-energy 
in Fig. 4a and the fitted one for 128K (solid black line in Fig. 
4a). The 128K self-energy is fitted by polynomials and used 
to reduce statistical errors. 



In conclusion, by performing high precision ARPES 
measurements on Bi2212, we have revealed new features 
at 115 meV and 150 meV in the electron self-energy de- 
veloped in the superconducting state. They can not be 
attributed to electron coupling with either single phonon 
or magnetic resonance mode but point to the existence of 
a new form of electron coupling in high temperature su- 
perconductors. We hope this observation will stimulate 
further theoretical work to understand their origin and 
their role in determining anomalous physical properties 
of high temperature superconductors. 
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ducting gap: the original mode position in the normal 
state is expected to be shifted upward by an amount 
on the order of the superconducting gap upon entering 
the superconducting state [3]. In the optimally-doped 
Bi2212, with the maximum d-wave superconducting gap 
at ^35meV, one might expect that the original ^70meV 
mode be shifted to a higher energy around 105 meV. 
However, this scenario is difficult to explain the exis- 
tence of another 150 meV feature, the feature at 110 
meV being a valley instead of a peak and the remaining 
strong ~70meV feature. Another possibility is the elec- 
tron coupling with multiple phonons. Usually this effect 
is expected to be much weaker 20] although in princi- 
ple the possibility can not be totally excluded. More 
theoretical work are needed to verify whether such mul- 
tiphonon process can produce clear features at high en- 
ergy and whether such an effect is enhanced at low tem- 
perature. The third possibility is electron coupling with 
excitations that are already present at such high energy 
scales. The emergence and evolution of the 115meV and 
150meV features in the electron self-energy is probably 
due to the redistribution of the underlying spectral func- 
tion of the high energy excitations with temperature and 
superconducting transition. One candidate of such high 
energy excitations in high temperature superconductors 
seems to be naturally related to the spin fluctuation ob- 
served by neutron scattering, which covers a large energy 
range up to 200 meV and exhibits strong temperature 
dependence|21]. Signature of such high energy coupling 
is also proposed from optical measurements |22j. Further 
theoretical work to investigate the effect of such high en- 
ergy spin excitations on electron dynamics will help in 
clarifying such a scenario. 
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